Protection from liquid water and UV radiation are equally important and a sophisticated approach 17 is needed when developing surface coatings that preserve the natural and well-appreciated 18 aesthetic appearance of wood. In order to prevent degradation and prolong the service life of 19 timber, a protective coating was assembled using carnauba wax particles and zinc oxide 20 nanoparticles via layer-by-layer deposition in water. For this purpose, a facile sonication route was 21 developed to produce aqueous wax dispersion without any surfactants or stabilizers. The 22 suspension was stable above pH 4 due to the electrostatic repulsion between the negatively charged 23 wax particles. The particle size could be controlled by the initial wax concentration with average 24 particle sizes ranging from 260 to 360 nm for 1 and 10 g/L, respectively. The deposition of wax 25 particles onto the surface of spruce wood introduced additional roughness to the wood surface at 26 micro level, while zinc oxide provided nano roughness and UV-absorbing properties. In addition 27 to making wood superhydrophobic, this novel multilayer coating enhanced the natural moisture 28 buffering capability of spruce. Moreover, wood surfaces prepared in this fashion showed a 29 significant but not extensive reduction in color change after exposure to UV light. A degradation 30 of the wax through photocatalytic activity of the ZnO particles was measured by FTIR, indicating 31 that further studies are required to achieve long-term stability. Nevertheless, the developed coating 32 showed a unique combination of superhydrophobicity and excellent moisture buffering ability and 33 some UV protection, all achieved using an environmentally friendly coating process, which is 34 beneficial to retain the natural appearance of wood and improve indoor air quality and comfort. 35 buffering 37 3
appearance and tactility of wood are often perceived superior to that of synthetic materials, its 48 hydrophilic nature creates a number of practical problems that affect its service life. In direct 49 contact with water, some of the arising issues are dimensional instability, including deformation, 50 twisting and cracking, and the creation of favorable conditions for fungal growth with subsequent 51 degradation. Changes in color and chemical composition of wood surfaces exposed to UV light is 52 another issue that should be overcome. Sensitivity of timber is mostly attributed to lignin 53 degradation into small molecular weight compounds and their further removal from cell wall by 54 combined interactions with water; this in turn increases hydrophilicity of the surface and promotes 55 fungal growth [4] . 56 To tackle these problems, a large body of research is available on wood surface modification [5] . 57 Common hydrophobization methods include grafting of silicone and fluorine-containing 58 compounds, deposition of metal oxide nanoparticles and impregnation with various chemicals [6] . 59 Many of these techniques are very effective in hydrophobizing wood and even achieve omniphobic 60 in subsection 3.1 of this article. Before coating, the pH of the zinc oxide dispersion was adjusted 140 to pH 6.8-6.9 with dilute HCl, in order to match the pH of the wax dispersion. Multilayer coatings 141 were applied onto the radial surface of water saturated Norway spruce samples through 142 consecutive deposition of zinc oxide and wax particles. Zinc oxide was always deposited as a first 143 layer and the coating process was always finished with wax as a last layer. The samples were 144 immersed into particle dispersions for 30 minutes during formation of first bilayer and for 5 145 minutes for all consecutive bilayers, and then rinsed for 15 minutes in three different beakers with 146 deionized water to remove particle excess. When the desired number of bilayers was assembled, 147 wooden samples were dried in oven for 1 hour at 65ºC, and then left at ambient conditions 148 overnight. In order to study the influence of wax concentration on the formation of the coating, 1 149 and 10 g/L wax dispersions were used for the layer-by-layer assembly, while the concentration of 150 ZnO was kept constant at 10 g/L. The static contact angle of water (CA) was measured using a contact angle meter CAM 200 (KSV 155 Instruments Ltd., Helsinki, Finland). 7 µL water droplets were dispensed on wooden surfaces and 156 after one minute images were taken by a built-in digital camera. The longer contact time (one 157 minute) was chosen to emphasize the good performance of the coating over time, when in contact 158 with water. The images were then analyzed and the full Young-Laplace equation was used to 159 determine the contact angle from the shape of the drop. For every type of coating two samples 160 were tested and CA was determined on at least three positions on each sample. Prior to CA 161 measurements wood samples were conditioned at 50% RH and 23ºC for at least two weeks. For 162 the sliding angle experiments, drops were deposited on the surface and samples were then slowly 163 tilted until drops rolled off the surface. Last image taken just before the drop slided off the surface 164 was used for sliding angle calculations.
165
Topography maps of 560×420 µm area were obtained with a 3D Optical Microscope ContourGT-166 K 3D (Bruker Corporation, Massachusetts, USA) on three random spots on each sample. Vision64 167 onboard software was then employed to analyze the data and to calculate the average roughness 168 Sa.
169
Scanning electron microscopy (SEM) was carried out using a FEI Nova NanoSEM 230 instrument 170 (FEI, Hillsboro, Oregon, USA) at an accelerating voltage of 5 kV and a working distance of 5 mm.
171
Wood samples were placed on a specimen holder and coated with a platinum layer of 172 approximately 7 nm by sputtering at 5 × 10 -2 mbar; Argon was used as gas carrier (BAL-TEC 173 MED 020 Modular High Vacuum Coating Systems, BAL-TEC AG, Liechtenstein).
174
The moisture buffering measurements were performed in accordance with the NORDTEST 175 method [34] . The wood samples were sealed with aluminum adhesive tape on all but one radial 176 surface, conditioned at 50% RH and 23ºC until their weight was stable and then placed into 177 climatic test chamber (Rumed 4201, Rubarth, Apparate GmbH, Germany). Inside the chamber, the 178 radial surface of the samples was exposed to cycles of high (75% for 8 h) and low (33% for 16 h) 179 levels of relative humidity. During these cycles, masses of the samples were monitored with a New For each treatment, three parallel samples were tested. More detailed information about moisture 187 buffering and NORDTEST experimental procedures can be found elsewhere [20, 34] .
188
UV-Vis reflectance spectra were acquired with a lambda 650 UV spectrometer (Perkin Elmer) 189 equipped with a 150 mm integrating sphere in the range of 190 nm to 800 nm. The spectra of 190 untreated wood were acquired at three different spots (approximatively 15 mm length and 10 mm 191 width), perpendicularly to the fibers direction in order to measure latewood and earlywood.
192
Measurements were performed in total reflectance mode, i.e. specular and diffuse reflectance were Corporation, Massachusetts, USA) equipped with an ATR (Attenuated Total Reflectance).
204
Measurements were done with 32 scans and a resolution of 4 cm -1 . All spectra were normalized to 205 a wood specific peak at 1030 cm -1 , which originates mostly from C-O stretching of secondary 206 alcohols in cellulose [36]. This peak is not affected by the wax nor the ZnO. melted wax is being dispersed in water, these hydrophilic groups can rearrange toward the polar 216 water phase, thus, leaving the particle interface more hydrophilic than its core. This hypothesis 217 correlates well with the findings of Bayer et al, who found that heat treatment of a carnauba wax 218 film resulted in rearrangement of its hydrophilic groups toward a hydrophilic glass substrate [27] .
219
As presented in Figure 1a , the absolute value of the ζ-potential decreased with lower pH values, 220 but the dispersion remained stable at pH>4. At pH<4 the suspension flocculated rapidly, indicating 221 that the lower surface charge at this pH is not sufficient for electrostatic stabilization.
222
The stability of the wax dispersion at neutral pH was further confirmed by DLS measurements The resulting coating is almost transparent as shown by reflectance spectra in Figure 2b will be discussed later. The morphology of the multilayer coating was analyzed by SEM in Figure 3 . Images were taken ZnO particles, which introduced a nanoscale roughness as seen in the high magnification 276 micrographs (Figure 3 b3 and c3) . The coating was terminated by a last deposition of wax particles 277 that did not have any ZnO particles adsorbed onto their surface and, therefore, displaying a smooth 278 interface. In Figure 3 c3, the presence of both, wax particles coated and not coated with ZnO 279 indicated by white and green arrow, respectively, is shown and pointing out a low surface coverage 280 by the last wax layer.
281
When it comes to designing highly hydrophobic and superhydrophobic surfaces, two parameters 282 are of special importance: surface energy and complex surface roughness [42] . Wood surfaces 283 already have a micron sized (anisotropic) roughness (see Figure 3a1 and Table 2 ). In this work, 284 wax particles increased the roughness at the sub-micron scale (Figure 3 and Table 2 ) and provided 285 a low surface energy, whereas zinc oxide provided additional nano-scaled roughness. The effect 286 of different multilayer coatings on the contact angle (CA) of water was studied as a measure of 287 their hydrophobicity. Figure 4 shows CA values for unmodified spruce and samples coated with 1 288 or 8 bilayers of ZnO and wax. Concentration of the ZnO dispersion was always 10 g/L, while wax 289 concentration was 1 or 10 g/L.
290
As shown in Figure 4 , the wooden surfaces turned highly hydrophobic already after 1 bilayer of 291 coating, with CA reaching 145-147º regardless of the wax concentration. However, as the amount 292 of layers increased, the influence of wax concentration increased as well, resulting in a slightly 293 smaller CA of 135º for 1 g/L wax and an even higher CA of 155º for surfaces where 10 g/L wax 294 was used, respectively. One explanation for this result could be that when a lower wax 295 concentration is used, less wax particles are deposited per layer and their average size is smaller, 296 therefore the ratio of ZnO/wax in this coating is increased compared to the coating deposited at 297 higher (10 g/L) wax concentration. In this way, after 8 bilayers, the contribution from the much more visible wax particles on the surface and the roughening of the surface was more 302 substantial in comparison to when 1 g/L dispersion was used (Figure 3 b1-b3 ). However, it must 303 be noted that these variations in CA are small compared to the large difference between coated 304 and uncoated wood.
305
Wooden surfaces coated with 8 bilayers of 10 g/L dispersions can be described as 306 superhydrophobic, as static water contact angle reached more than 150° [43, 44] were dried at 65°C after the coating process. Therefore, the effect of thermal treatment on water 326 CA was investigated in 65-110°C range. Samples were coated with 8 bilayers of 10 g/L ZnO/wax 327 particles and then annealed in an oven for 30 minutes at different temperatures. During the heat 328 treatment, topography of the samples changed noticeably (Figure 5a and 5b) , despite rather minor 329 changes in hydrophobicity (Figure 5c ). The roughness of the coated samples (Table 2) was not 330 significantly affected by thermal treatment up to 100°C. However, after treatment at 110°C it 331 decreased noticeably which might be due to the melting of the wax particles and the partial film-332 formation on the surface. However, the fact that the roughness is decreasing while the CA tends 333 to increase with temperature, may confirm the hypothesis that the surface energy is changed by 334 the heat treatment. and thus an increased specific surface area of the coated samples, may provide adsorption sites for 357 moisture and increase the MBV. Another reason for the enhanced water vapor uptake may be the 358 leaching of the extractives during LbL process and consequently higher hygroscopicity of wood.
359
In summary, ZnO/wax coating of the wooden surface provided superhydrophobicity and enhanced 360 moisture-buffering performance, which is a great combination. Superhydrophobic surfaces are 361 easy to clean and care for, while good moisture buffering helps to even out the fluctuations and 362 reduces excessive levels of humidity in the air. The coated wood samples were exposed to UV irradiation and their color change was monitored ZnO. Moreover, the disappearance of the characteristic lignin peak at 1510 cm -1 (Figure 9 ; dashed 379 red line) with UV exposure time showed that the protection effect is limited. 
